Abstract The present study aimed to evaluate the role of Hedgehog (Hh) molecule expression in association with the clinical aspects of oral squamous cell carcinoma (OSCC), as well as angiogenesis and CD163+ macrophages. Twentyeight cases of OSCC, nine cases of tumor-free resection margins (TM), and four cases of non-neoplastic oral mucosa (NNM) were submitted to immunohistochemistry to detect proteins Sonic Hedgehog (SHH), Indian Hedgehog (IHH), GLI1, CD163, and CD105. Protein colocalization with respect to SHH/CD163, IHH/CD163, GLI1/CD163, and GLI1/CD105 was assessed by immunohistochemical double staining. In tumor parenchyma, SHH and IHH were present in the cytoplasm of neoplastic cells, while GLI1 was observed in cytoplasm and nucleus. Endothelial cells were found to express SHH, IHH, and GLI1 within CD105+ vessels, and a positive correlation between infiltrating macrophage density (IMD) and microvascular density (MVD) was observed in cases of OSCC and TM. When compared to TM and NNM, the OSCC cases demonstrated higher immunoreactivity for SHH (p = 0.01), IHH (p = 0.39), GLI1 (p = 0.03), IMD (p = 0.0002), and MVD (p = 0.0002). Our results suggest the participation of the Hh pathway in OSCC by way of autocrine and paracrine signaling, in addition to the participation of both SHH and IHH ligands. Endothelial cells were also found to exhibit positivity with respect to Hh pathway components and we surmise that these molecules may play a role in tumor angiogenesis. CD163+ macrophages were also observed to express IHH, a ligand of this pathway, in addition to being associated with tumor neovascularization.
Introduction
Oral cancer is among the ten most common forms of cancer occurring worldwide. The predominant histological type is oral squamous cell carcinoma (OSCC), which corresponds to over 95 % of all diagnosed cases [1, 2] . At advanced stages, this disease is associated with elevated morbidity and mortality, as fewer than 50 % of patients survive longer than 5 years [3, 4] .
In light of the conceptual evolution surrounding the development of malignant neoplasia, particularly with respect to cancer stem cells, the study of embryonic signaling pathways holds great promise, notably as a strategy to identify relevant biomarkers. In this context, dysregulation of the Hedgehog (Hh) embryonic signaling pathway has been associated with the development and progression of a range of human tumors [5] [6] [7] [8] . Additionally, the abnormal activation of this signaling cascade has previously been described in OSCC [9] [10] [11] .
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In humans, the Hh pathway functions in primary cilia, the organelles extending from the plasma membrane. Hh ligand binding to the Patched transmembrane receptor (PTCH1) leads to the ciliary accumulation of Smoothened (SMO) and its subsequent activation. SMO activation transduces the Hh signal to the cytoplasm, resulting in the nuclear translocation of GLI-Krüppel transcription factors (GLI1, 2, or 3), particularly GLI1, which thereby induces the expression of genes targeted by the Hh pathway [12] .
The Hh pathway can be activated by the homologous proteins Sonic Hedgehog (SHH) and Indian Hedgehog (IHH), which are involved in cellular differentiation, migration, and proliferation [13] , the recruitment of peripheral monocytes [14] , and the Hh pathway activation in M2 macrophages [15] . This pathway has also been recently linked to angiogenesis [16, 17] and endothelial cell activation [18, 19] . In tumors, M2 macrophages, also known as tumor-associated macrophages (TAM), exhibit pro-tumorigenic activity [20] [21] [22] [23] [24] that favors tumor progression [25] by way of a variety of mechanisms, including the stimulation of angiogenesis [26] [27] [28] .
Considering that the Hh pathway participates in the pathogenesis of OSCC and that TAMs may mediate the abnormal activation of this signaling pathway and/or be responsive to it, the present study aimed to assess immunoexpression in the primary Hh pathway components (SHH, IHH, and GLI1) by investigating associations between these molecules and the clinical aspects of OSCC, angiogenesis, and CD163+ macrophages.
Materials and methods
The present research proposal received approval from our host institution's review board. Informed consent was obtained from all individual participants included in the study. The immunoexpression of proteins SHH, IHH, GLI1, CD163, and CD105 was studied in 28 cases of OSCC. All tumors were clinically classified by two experienced pathologists according to the TNM Classification of Malignant Tumours (2002), in addition to being histologically classified in accordance with WHO criteria (2005) . After reviewing all 28 resection margins, tumor-free resection margins (TM) were seen in nine cases of OSCC, while five (55.55 %) of these presented oral epithelial dysplasia (OED). Three (60 %) of these OED cases were classified as mild, one (20 %) as moderate, and another (20 %) as severe. In addition, we compared the expression of the above proteins with four histologically normal nonneoplastic oral mucosa (NNM) tissue samples selected from the removal sites of unerupted mandibular third molars of ten healthy patients, i.e., non-smokers who refrained from alcohol use. Table 1 lists the clinical and histological characteristics of all 28 OSCC cases studied.
Immunohistochemistry
Sections 4-μm thick were obtained from formalin-fixed paraffin-embedded specimens. Histological sections were deparaffinized in xylene, then rehydrated with alcohol, and subjected to antigen retrieval (SHH, IHH, GLI1, CD163-citrate buffer pH 6.0; CD105-citrate buffer pH 9.0) under moist heat for 45 min. Endogenous peroxidase activity was subsequently blocked (Peroxidase Blocking Solution TM , Dako, Carpinteria, USA) for 10 min, and the primary antibodies were incubated overnight (18 h) at 4°C (SHH, Novus Biologicals, Clone 5H4, 1:1000; IHH, Novus Biologicals, TM Alkaline Phosphatase (Biocare Medical, Concord, CA, USA) with 3,3-diaminobenzidine and Ferangi Blue chromogens, in accordance with the manufacturer's instructions. All slides were mounted in 10 % glycerol.
Immunohistochemical analysis
An Aperio digital microscope (Leica Microsystems, Wetzlar, Germany) was used to scan all slides, which were displayed on an LCD monitor via Aperio ImageScope software (Leica Microsystems, Wetzlar, Germany). To evaluate the SHH, IHH, and GLI1 proteins, five coincident and representative areas (×200 final amplification) of each OSCC case were selected. These analyses were likewise performed for all TM and NNM cases:
(a) Analysis of SHH, IHH, and GLI1 proteins
The location of each protein was noted, whether in the membrane and/or cytoplasm (SHH and IHH), or in the cytoplasm and/or nucleus (GLI1). In the parenchyma/epithelium, positive and negative cells were first counted in each microscopic field. Next, the number of positive cells was divided by the total number of cells, and semiquantification criteria, as previously described by Gurgel et al. [29] , were applied to obtain scores as follows: negative (−), <5 % of positively immunostained cells; 1+, 5-25 %; 2+, 26-50 %; 3+, 51-75 %; and 4+, >75 % of positively immunostained cells. In the stroma/lamina propria, endothelial cells expressing SHH, IHH, and GLI1 were counted in the previously selected densely vascular CD105 protein foci (i.e., Bhot-spot^areas). (b) CD163 and CD105 protein analysis Five areas of tumor stroma with the highest populations of CD163+ cells were selected. These same sites were then analyzed at a final amplification of ×200 by counting CD163+ cells and CD105+ vessels. Any blood vessels that were illuminated and brownish in color were considered positive. These areas were subsequently measured, and final results were expressed as CD163+ infiltrating macrophage density (IMD) per square millimeter and microvascular density (MVD) per square millimeter.
Statistical analysis
All data were submitted to statistical analysis under nonparametric testing (Mann-Whitney, Kruskal-Wallis, and Spearman correlation) using GraphPad Prism Software (GraphPad Software, San Diego, USA) and p values corresponding to alpha (α), i.e., less than or equal to 5 %, were considered significant.
Results
Hh pathway reactivation in OSCC
SHH
In tumor parenchyma, the SHH protein was observed in the cytoplasm of neoplastic cells with positive scores in 25 OSCC cases (89.28 %), with 4+ being the predominantly assigned score (n = 17; 68 %), followed by 3+ (n = 5; 20 %), 1+ (n = 2; 8 %), and 2+ (n = 1, 4 %). In TM, six cases (66.66 %) demonstrated cytoplasmic immunostaining for the SHH protein in the epithelial compartment, with predominant scores of 2+ (n = 2; 33.33 %) and 3+ (n = 2; 33.33 %), followed by 1+ (n = 1, 16.67 %) and 4+ (n = 1, 16.67 %). All NNM cases were found to be negative for this protein (Fig. 1) .
IHH
Twenty-two OSCC cases (78.57 %) received positive scores with respect to the IHH protein in tumor parenchyma, with 4+ (n = 7; 31.82 %) and 3+ (n = 7; 31.82 %) being the predominant scores, followed by 1+ (n = 5; 22.72 %) and 2+ (n = 3; 13.64 %). Although IHH was generally seen in the cytoplasm, it was also present in the cellular membrane in three (13.64 %) cases. Eight TMs (88.88 %) demonstrated cytoplasmic immunostaining for IHH in the epithelial compartment, with a score of 1+ (n = 4, 50 %) predominating, followed by scores of 2+ (n = 2; 25 %) and 3+ (n = 2; 25 %). Three (75 %) cases of NNM exhibited cytoplasmic labeling exclusively in the epithelium, scored as 1+ (Fig. 1 ).
GLI1
The GLI1 protein was positively scored in tumor parenchyma in 24 (85.72 %) of the OSCC cases, with a predominant score of 4+ (n = 15; 62.5 %), followed by 3+ (n = 7; 29.16 %), 1+ (n = 1, 4.17 %), and 2+ (4.17 %). This protein was found to be present in both the nuclei and cytoplasm of tumor cells. In the epithelium, TMs showed positivity in seven (77.77 %) cases, with scores of 1+ (n = 3; 42.86 %), 2+ (n = 2; 28.57 %), and 4+ (n = 2; 28.57 %). By contrast, just one (25 %) of the NNM cases exhibited cytoplasmic and nuclear staining exclusively in the epithelium, with a score of 1+ (Fig. 1) . Figure 2 shows comparisons among the Hedgehog molecules in OSCC, TM, and NNM. Tumors showed higher expression of SHH (p = 0.016) and GLI1 (p = 0.03), than TM and NNM. OSCC also have a higher number of IHH positive cells, but it was not significant in comparison to TM and NNM ( Fig. 2 ; p = 0.39).
Hh molecules are present in newly formed vessels within OSCC stroma Endothelial cells expressing SHH, IHH, and GLI1 were seen within CD105+ vessels (Fig. 3) , with correlations observed between the proteins CD105 and GLI1 (r = 0.54; p = 0.002) and CD105 and IHH (r = 0.39; p = 0.03). Likewise, Hedgehog molecules were also found to be present in CD105+ vessels in TMs, albeit to a lesser extent (n = 4; 44.44 %).
Within OSCC stroma, immunostaining for the protein GLI1, a Hh pathway transcription factor, was primarily observed in the nuclei of endothelial cells. Protein colocalization demonstrated the presence of GLI1 in the nuclei of endothelial cells, while CD105 was observed in the cytoplasm of these same cells. Figure 4a -d depicts positively stained CD105, SHH, IHH, and GLI1 proteins in blood vessels located within tumor stroma, as well as the colocalization of GLI1 and CD105 in endothelial cells (e-f).
CD163+ macrophages express the IHH ligand and influence angiogenesis in OSCC
The present investigation found an association between CD105+ vessels and the presence of CD163+ macrophages in the stroma adjacent to tumor islands in OSCC. A correlation was observed between IMD and MVD in OSCC cases (r = 0.77; p < 0.0001) (Figs. 5 and 6 ), as well as in TMs (r = 1.0; p < 0.0001).
Protein colocalization analysis was employed to assess whether macrophages are capable of producing Hh pathway components (SHH, IHH, and GLI1). Evaluation of SHH/ CD163, IHH/CD163, and GLI1/CD163 indicated the exclusive presence of the IHH ligand in CD163+ macrophages. By simultaneously immunostaining for IHH and CD163 in a given cell, immunohistochemical labeling is evidenced as a result of the particular chromogen mixture used (Fig. 6 ). Individual staining for IHH (Vina Green) and CD163 (Red Permanent) can be seen in the supplemental Figure 1 .
Supplemental Table 1 illustrates the expression of SHH, IHH, GLI1, CD163 (IMD), and CD105 (MVD) in accordance with the clinical and histological parameters in OSCC cases and supplemental Table 2 shows a comparison of the expression of all these proteins in OSCC, TM, and MNN.
Discussion
The present results corroborate recently published findings indicating the reactivation of the Hh pathway in OSCC, which appears to participate in the pathogenesis of this disease [9] [10] [11] 30] . Furthermore, the proteins involved in this pathway (SHH, IHH, and GLI1) were found to be overexpressed in OSCC tumors in comparison to TMs and NNMs. Additionally, the observation of Hh pathway components in endothelial cells leads us to believe that these molecules are capable of contributing to tumor angiogenesis, since CD163+ macrophages express IHH, a pathway ligand, and are known to be associated with tumor neovascularization [21, 22, 24] .
In normal adult tissue, the signaling pathways that participate in embryonic development, such as the Hh pathway, normally remain inactive except when participating in tissue repair or stem cell maintenance [31] [32] [33] . When deregulated, a variety of mechanisms are capable of activating the Hh pathway, some of which are dependent on the Hh ligand. Liganddependent mechanisms may prove to be more complex in nature, since these involve not only the tumor itself but also the tumoral microenvironment and possibly even other signaling pathways [33] .
The immunoexpression of SHH and IHH proteins observed in the cytoplasm of neoplastic cells herein is suggestive of Hh pathway reactivation in OSCC, since the ligands are internalized upon interaction with the PTCH1 receptor. Additionally, the presence of these morphogens, most notably IHH, in OSCC tumor parenchyma and stroma indicates the potential occurrence of autocrine and paracrine pathway activation, similarly to what is seen in hepatocellular carcinoma [34] , pancreatic cancer [35] , and breast cancer [36] . Thus, it is plausible that the role of the Hh pathway may extend beyond the parenchyma, possibly involving the entire tumor microenvironment. Moreover, Pereira et al. [37] likewise reported greater IHH immunoreactivity in stromal cells when compared to SHH.
The finding of nuclear immunostaining for GLI1 serves to confirm the participation of the Hh pathway in OSCC, as the translocation of this protein occurs only following the activation of this pathway's signaling cascade [12, 38] . In addition to the nucleus, GLI1 was also observed in the cytoplasm. In this cellular compartment, the absence of SHH or IHH ligands provokes GLI proteins to undergo proteolytic processing, resulting in a loss of activation domain, which then causes them to act as transcriptional repressors [39] . Regardless, it is worth noting that the GLI transcription factors (GLI1, GLI2, and GLI3) are encoded by distinctly different genes [12, 33] . Since GLI1 does not possess an N-terminal repressor domain, it functions exclusively as an activator of this pathway [31] . Accordingly, the presence of GLI1 in the cytoplasm also appears to suggest the need for cytoplasmic accumulation prior to nuclear translocation, as similarly observed with respect to other transcription factors, such as p53 [40] .
Despite the comparatively high levels of Hh pathway protein expression seen in the OSCC cases considered herein, most of the TMs also exhibited immunostaining for SHH (n = 6; 66.66 %), IHH (n = 8; 88.88 %), and GLI1 (n = 7; 77.77 %). This finding appears to corroborate the theory espoused by Leovic et al. [11] known as Bfield cancerization,^in which distinct areas of head and neck squamous cell carcinoma become exposed to carcinogens for extended periods, resulting in genetically altered fields capable of developing carcinomas. The present results would seem to indicate that Hh pathway activation also occurs in TMs, thereby suggesting the presence of genetic alterations in cells proximate the tumor site, despite the apparent absence of any cytological and/or architectural alterations. Of the nine TM cases studied, five had oral epithelial dysplasia concomitant with elevated SHH, IHH, and GLI1 protein expression. Furthermore, Dias et al. [30] recently demonstrated that the Hh pathway can be activated in OED, a stage precedent to carcinoma development.
The GLI1 protein was identified in the nuclei of endothelial cells within tumor stroma, while the SHH and IHH ligands were observed in the cytoplasm of these same cells. According to Harris et al. [41] , endothelial cells do not appear to naturally express or produce Hh molecules. However, in the context of chronic viral hepatitis, the expression of GLI2 transcription factor in endothelial cells has been positively demonstrated [37] . Furthermore, Olsen et al. [18] identified endothelial cells in tumor stroma presenting elevated levels of PTCH1 expression and low levels of HHIP, a Hh pathway inhibitor.
These findings, when taken together, would seem to indicate that, similarly to the role played in blood vessel formation in embryonic tissue (vasculogenesis), the Hh pathway appears to become reactivated in order to participate in tumor neovascularization. The present results provide evidence of the activation of this signaling cascade in endothelial cells within the tumor stroma of OSCC, since, in addition to the cytoplasmic immunostaining observed for the pathway ligands, GLI1 transcription factor was also identified in the nuclei of these cells. Moreover, the colocalization of GLI1 and CD105 proteins in endothelial cells serves to additionally confirm the role played by the Hh pathway in tumoral angiogenesis.
Previous studies have demonstrated that TAMs are mostly polarized to the M2 phenotype and thusly present pro-tumoral functions [20] [21] [22] [23] [24] . In comparison to TMs and NNMs, the OSCC cases exhibited greater CD163+ macrophage density, suggesting that these cells may potentially play a role in oral carcinogenesis. Few studies have evaluated IMD in OSCC [42] [43] [44] [45] [46] , and no studies to date have attempted to investigate whether these cells are responsive to and/or secrete Hh pathway proteins in these types of tumors.
Among the findings presented herein, the fact that CD163+ macrophages express IHH suggests that Hh signaling plays a role not only in neoplastic cell growth but also in tumoral microenvironment [47] . Several studies have recently identified Hh pathway receptors and intracellular components in macrophages, indicating that these cells are capable of transducing signaling initiated by Hh morphogens [14, 48] . Pereira et al. [15] also demonstrated that, in human schistosomiasis, macrophages produce IHH, which in turn promotes M2 profile activation, fibrogenesis, and angiogenesis.
It has been well established that cells involved in innate immune response, e.g., macrophages, play a role in mediating the angiogenic Bswitch,^thereby favoring tumor progression. Moreover, these cells can also assist in local invasion and hinder the action of drugs targeting the inhibition of endothelial activation [25, 49] . Jurisic et al. [50] , for example, found that in radicular cysts, the concentration of TNF-α correlate with number inflammatory cells (macrophages) and degree of vascularization. Our present investigation found a higher density of vessels per square millimeter in OSCCs compared to TMs and NNMs, substantiating the role played by angiogenesis in promoting an environment suitable for tumor growth. Moreover, MVD has also been associated with the presence of CD163+ macrophages in the stroma adjacent to tumor islands, indicating that macrophages do, in fact, appear to contribute to the modulation of the microenvironment in oral carcinogenesis, which also consequently favors tumor progression. Although commonly associated with solid tumor growth, recent studies have reported that the formation of blood vessels prior to macroscopic identification of malignancy also seems to be a contributing factor in the transformation and growth of neoplastic cells [25] . The results reported herein corroborate this postulation, since an association was also observed between MVD and IMD in the lamina propria of TMs.
In sum, the present investigation serves to contribute to the body of knowledge surrounding the participation of the Hh pathway in OSCC by providing evidence supporting the reactivation of this pathway via autocrine and paracrine signaling. We further demonstrate that the Hh pathway is also expressed in endothelial cells, which may contribute to angiogenesis. In addition, CD163+ macrophages not only were observed to express IHH, a ligand of this pathway, but also were found to be associated with tumor neovascularization. Considering this, many components of the tumoral microenvironment have been shown to be crucial to the process of carcinogenesis and, as such, represent additional therapeutic targets [51] . With respect to macrophages, for example, the inhibition of M2 polarization and pro-tumoral activity, as well as targeting increased expression of the M1 phenotype concurrent with cytotoxic functions, both represent promising strategies in the treatment of human tumors [21, 52] . Furthermore, the identification of GLI1 in the nuclei of endothelial cells suggests that Hh pathway inhibition may prove useful in several types of neoplasia dependent on angiogenesis for progression [18] . Therefore, tumor growth may be suppressed by blocking the Hh pathway, both directly, by interfering with intratumoral survival, and indirectly, by altering the tumoral microenvironment.
